In this Letter we experimentally demonstrate that the radiative heat transfer between metallic planar surfaces exceeds the blackbody limit by employing the near-field and thin-film effects. Nanosized polystyrene particles were used to create a nanometer gap between aluminum thin-films of different thicknesses coated on 5 × 5 mm 2 diced silicon chips while the gap spacing is fitted from the near-field measurement with bare Si chips. The experimental results are validated by theoretical calculation based on fluctuational electrodynamics. The near-field radiative heat flux between 13-nm Al thin-film samples at 215 nm gap distance is measured to be 6.4 times over the blackbody limit and 420 times compared to the far-field radiative heat transfer between metallic surfaces with a temperature difference of 65 K. In addition, the theoretical prediction suggests a near-field enhancement of 122 times relative to the blackbody limit and 8000 times over far-field one at 50-nm vacuum gap between 20-nm Al thin-film samples, under the same temperature difference of 65 K. This work will facilitate the understanding and application of near-field radiation to thermal power conversion, noncontact cooling, heat flow management, and optical storage where metallic materials are involved.
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Photon tunneling in the near-field can enhance radiative heat transfer to overcome the blackbody limit governed by Planck's law when the vacuum gap between two radiating media is much less than the characteristic thermal wavelength [1, 2] . Potential applications of near-field radiation include but are not limited to: near-field thermophotovoltaics [3] [4] [5] [6] [7] [8] [9] [10] [11] , thermal rectification [12] [13] [14] , and radiative refrigeration [15, 16] , which have been widely discussed in recent years. It is well predicted that the excitation of surface plasmon (SPP) or phonon polaritons (SPhP) [2, [17] [18] [19] [20] could significantly enhance the near-field thermal radiation compared to other mechanisms like hyperbolic modes [4, [21] [22] [23] [24] [25] [26] , magnetic polariton [27] [28] [29] [30] [31] [32] , or cavity resonance [33] [34] [35] .
Most reported near-field experiments used polar materials [36] [37] [38] whose optical phonons in the infrared greatly enhanced the near-field radiative heat transfer near room temperature due to an adequate frequency match between SPhP and Planck oscillator to demonstrate superPlanckian radiative heat transfer with different configurations and vacuum gap distances. Atomic force microscope (AFM) tip-based techniques have also demonstrated the enhanced near-field radiation heat transfer breaking Planck's law down to 100 nm gap between a silica sphere with diameter of 50 m and a glass microscope slide due to surface phonon polariton [39] . With plateplate configuration, where the creation of nanometer gaps and parallelism across mesoscale lateral size is one major challenge, Hu et al. [40] experimentally demonstrated a near-field enhancement of 50% over blackbody limit due to SPhP coupling between two closely spaced glass plates separated by microscale polystyrene particles. Ito et al. [41] experimentally measured the radiative heat transfer between a pair of diced fused quartz substrates at a vacuum gap distance of 0.5 m with a temperature differences up to 20 K. St-Gelais et al. [42] experimentally demonstrated a heat transfer enhancement approximately two orders of magnitude higher than the far-field limit at 100 nm gap distance between parallel SiC nanobeams with a temperature gradient of 260 K. Ghashami et al. [43] observed more than 40 times enhancement of thermal radiation compared to blackbody radiation when two 5 × 5 mm 2 quartz plates were separated by a vacuum gap distance of 200 nm and with a thermal gradient near to 156 K. Silicon has also been used for NFR measurements. For example, Shi et al. [44] tuned the nanoscale radiation between bulk silicon and a glass microsphere at a gap of ~60 nm by changing the carrier concentration of silicon. In addition, Lim et al. [45] measured the near-field thermal radiation between doped-Si parallel plates with a doping concentration of 8.33×10 19 cm -3 by employing a MEMS-based platform. The near-field radiative heat transfer coefficient was found to be 2.91 times greater than the blackbody limit at a 400-nm vacuum gap. Watjen et al. [46] used SiO2 posts between 1×1 cm 2 lightly doped silicon samples with a doping concentration of 2×10 18 cm -3 . The largest radiative heat flux was found to be 11 times higher than the blackbody limit at a vacuum gap distance of 200 nm, which was mainly attributed to the excitation of coupled surface plasmon polaritons. Bernardi et al. [47] demonstrated a radiative heat transfer enhancement of 8.1 times relative to the blackbody limit between two 5×5 mm 2 intrinsic silicon planar surfaces at a vacuum gap distance of 200 nm, which is due to the additional contribution of frustrated modes in the near-field.
The super-Planckian radiation between metals is also studied in a few experimental studies. Shen et al. [48] measured the enhanced thermal radiation due to the tunneling of nonresonant evanescent waves between a 50 m diameter glass microsphere nominally coated with a 100 nm-thick gold film and a substrate coated with a thick gold film at a vacuum gap distance of 30 nm. Kralik et al. [49] observed a one hundred fold enhancement of the blackbody radiation when the plane-parallel tungsten layers were separated by a vacuum gap distance of 1 m. In this work, the temperature of the cold sample was near 5 K and the temperature of the hot sample was in the range of 10-40 K. Lim et al. [50] measured the radiative heat flux between metallo-dielectric multilayers at a vacuum gap distance of 160 nm, achieving a net radiative heat flux more than 100 times larger than the calculated far-field value and about seven times larger than the blackbody limit due to coupled SPPs at metal-dielectric interfaces. Song et al. [37] also reported the nearfield enhancement between silicon microdevices at a size of 48×48 m 2 coated with 100 nm-thick gold layer. The near-field thermal conductance at a gap distance of 60 nm was found to be ~10 times larger than the blackbody limit. The plasma frequencies of metals typically occur in the ultraviolet to the visible wavelength range [51] , which cannot facilitate the NFR enhancement around room temperature, therefore NFR between metallic surfaces is much weaker than that between polar materials. In addition, metals are typically known as bad thermal emitters in the far-field due to their very low emissivity of just a few percent. However, the super-Planckian radiation heat transfer, enhanced by the near-field effect, would be significantly greater than the far-field transfer, which would facilitate its application in many near-field heat transfer systems.
In this study, we experimentally demonstrate a significant radiative heat transfer enhancement between ultra-thin aluminum films due to near-field and thin-film effects. After a careful cleaning process using isopropanol alcohol, deionized water, and oxygen plasma, Al thinfilms of different thicknesses were coated on 5×5 mm 2 lightly doped Si chips (Ted Pella Inc., 1-30 ohm-cm resistivity, 500±30 m thick) via an electron beam evaporation method with the deposition rate of 0.5 Å/s. The thicknesses of the deposited aluminum thin-films were characterized to be 13±2 nm, 24±3 nm, 40±3 nm, and 79±3 nm by an atomic force microscope across a step created by masking part of the sample surface on a spare Si chip during the same deposition ( Fig. S1 ) along with surface roughness of 0.4 nm. The bow of the Si chip was measured to be 75±19 nm with a profilometer.
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A polystyrene nanoparticle suspension in deionized water (Sigma Aldrich, 69057-5ML-F, with a nominal diameter of 200 nm) was diluted to the desired concentration of 7.8×10 6 particles/mL. Then, 0.02 mL of the diluted suspension was carefully distributed using a syringe on the receiver samples, which were then dried on a hotplate (see details in Section B in the Supplemental Materials). The receiver samples with nanoparticles were carefully inspected under an optical microscope to ensure that were no large particle aggregations ( Fig. S2 ) before being loaded onto the experimental setup for near-field radiation measurements. 
With the given nanoparticle concentration, Qcond,PS is less than 8% of the theoretical near-field radiative heat transfer between lightly doped Si at a vacuum gap distance of 200 nm (Fig. S4) . Equivalent thermal circuit model. The emitting layer is maintained at temperature of T1 and the receiver is at T2 separated by a vacuum gap distance d.
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The experimental setup was placed inside a 12-inch diameter vacuum chamber where the measurement was conducted in a high vacuum environment, provided by a turbo pump which maintained a pressure less than 0.1 Pa. At this pressure, the conduction heat transfer with air molecules is less than 0.2% of the near-field radiative heat transfer between lightly doped Si at 200-nm vacuum gap from calculation (Fig. S5 ). The temperature difference between the emitter and receiver samples was varied from 25 K to 65 K with the TE heater and cooler, while the T1, T2, and T3 readings were recorded for each measurement at steady state. The measurement is considered to be at steady-state when the variation of all temperatures was less than 0.1C over 5
minutes. Three independent measurements were conducted for each Al thin-film of the same thickness, with a new pair of samples being used for each subsequent measurement. To ensure the consistency of the experimental procedures, the same suspension of PS nanoparticles was distributed over the Al thin-film samples with the same thickness that were fabricated from the same batch during the same particle distribution process along with one pair of bare Si chips.
One major challenge in the plate-plate near-field radiation measurements with mm-sized samples is how to experimentally determine the gap distance accurately. The optical interferometry method, which requires double-side polished semitransparent samples, has been used to determine the gap distance by fitting the interference fringe measured between lightly doped Si before nearfield measurement [46] and between quartz samples during the near-field measurement [41, 43] .
However, it cannot be applied to metallic thin-films due to opacity or very small transmission due to strong light attenuation. Also, the nominal diameter of the nanoparticles cannot be discounted as a precise vacuum gap distance. Here, we conducted additional near-field radiation measurements with 4 pairs of bare Si chips, each coated with the same PS particle suspension at Research Initiative was also appreciated.
